is article investigates the effect of carbon steel slag (CS) and stainless steel slag (SS) on the hydration of cement (OPC). Two slags were used to replace cement at a replacement ratio of 15% (CS15 and SS15) and 30% (CS30 and SS30), respectively, by binder weight. Test results demonstrated that the hydration rate of OPC-CS binder is similar to that of OPC-SS binder at 3 days but higher than the latter at later ages. e negative effect of steel slag (CS) on the strength of cement mortar can be neglected when its replacement ratio does not exceed 15%. X-ray diffraction (XRD) and thermogravimetry (TG) show that the incorporation of SS tends to decrease calcium hydroxide (CH) content more than the incorporation of CS in the cement matrix. BSE (backscattered electron)/EDX (energy-dispersive X-ray spectroscopy) analyses estimate the average Si/Ca ratio of CS30 and SS30 at 90 days to be 0.41(Ca/Si � 2.44) and 0.45(Ca/Si � 2.22), respectively, compared to 0.43 (Ca/Si � 2.33) for pure cement.
Introduction
As a key ingredient of concrete, cement with its huge production flows causes significant societal and environmental impacts. Cement production is contributing to about 5%-8% of global carbon dioxide (CO 2 ) emissions [1] . More emphasis has to be given to increase the utilization ratio of waste industry by-products to replace cement during concrete production. Carbon steel slag and stainless steel slag are the by-products of iron and steel production. Large amounts of steel slags are released every year that also occupies farmlands and consequently leads to serious pollution risks [2, 3] .
erefore, the utilization of steel slags as mineral admixture can develop the ecological consciousness of both cement and steel production sectors. Generally, it is believed that the major active minerals of steel slags as well as cement are clinker minerals represented in calcium silicates [4, 5] . However, the low cooling and relatively high proportion of inert phases of steel slag is considered the main causes of its poor activity compared to cement [6] .
e predominant mineral components of steel slag are C 3 S and C 2 S [7, 8] . Different literatures have studied the possibility of using steel slag after grinding it to fine powder as a cementitious material [9, 10] . Wang et al. [6] reported that fine steel slag with particle sizes smaller than 20 µm possesses relatively good cementitious properties, and its influence on the porosity of paste and the strength of mortar is negligible when its replacement ratio is not more than 20%. Liu and Li [11] found that increasing steel slag fineness enhanced its early exothermic rate and increased early hydration heat and nonevaporable water content. Furthermore, they observed that blended cement mortar containing finer steel slag gains higher 28-day strength. Wang et al. [12] found that steel slag decreases the early hydration rate of cement but improve and promote the hydration of cement at later ages. In the case of stainless steel slag, only β-C 2 S poses stainless steel slag activity [7, 13, 14] . However, the mechanical activation of stainless steel slag has been studied to be a possible way to increase its hydraulic activity [7, 15] . Sheen et al. [7] proved that the higher fineness stainless steel slag of 4400 cm 2 /g exhibits stronger engineering properties. Kriskova et al. [15] stated that the mechanical activation of stainless steel slag by intensive milling is a possible way to increase its reactivity to be utilized as a hydraulic binder. In another study, Kriskova et al. [16] investigated that the hydration of mechanically activated c-C 2 S as a main phase in stainless steel slag, which resulted in the formation of C-S-H gel that is typically formed during the hydration of cement.
It should be noted that the composition of steel slag might be di erent from that of stainless steel slag, which consequently will a ect its hydraulic properties. Although several studies report about the valorization of the hydraulic properties of carbon steel slag or stainless steel slag one at a time, the di erence in the behavior between the two materials as a binder compared to each other is still unexplored. Within this context, this study is aimed at investigating the in uence of carbon steel slag and stainless steel slag with high neness on the microstructure and the mechanical properties of cement. Such investigations shall be bene cial for increasing the utilization ratio of these two by-products.
Materials and Test Method
e cement used was ordinary Portland cement (OPC), which complies with the Chinese National Standard GB175-2007 with strength grade of 42.5 and speci c surface area of 3500 cm 2 /g. e basic-oxygen-furnace carbon steel slag (CS) with relatively high alumina content and the electric arcfurnace stainless steel slag (SS) used in this study were obtained from Ma Gang Steel Slag Ltd., Ma An Shan, China.
e raw CS and SS slags were weathered naturally under laboratory conditions. e speci c surface areas of the CS and SS powders are approximately 4515 and 4990 cm 2 /g. e soundness of both CS and SS tested by means of (Le Chatelier's) apparatus was less than 5 mm.
e oxide composition of OPC, CS, and SS was determined by XRF analysis (Table 1 ). e mineralogical content for the raw CS and SS, Figure 1 , as well for the pulverized hydrated samples after di erent hydration ages was determined by X-ray di raction (D8 Discover, Burker-AXS, Germany).
CS and SS replaced cement by 15% and 30% and denoted by CS15, CS30, SS15, and SS30, respectively. Water tap was used to prepare the slag pastes at a water-to-slag ratio of 0.3, which was detected by trials until a standard paste consistency was obtained, and then, they were casted into plastic centrifuge tubes. At the testing age, the hydration of slag pastes was stopped by soaking them in acetone for a speci c period.
e samples were dried in the oven at 60°C for three days before testing. Mortars of 40 × 40 × 160 mm were prepared by mixing paste with sand at the sand-to-paste ratio of 3.0 and denoted by MC, MCS1, MCS2, MSS1, and MSS2. Both the paste and mortar were cured at the temperature of 20 ± 1°C. e nonevaporable water (W n ) content of hardened paste was obtained from the mass di erence between the sample dried at 105°C and heated at 1000°C corrected for the loss from the ignition of the unhydrated sample.
e microstructure morphologies of the hydrated slags at di erent ages were studied using an ESEM (FEI quanta 3D FEG, USA). Polished slag samples hydrated at 90 d were scanned with secondary electron (SE) in the electron microscope (FEI quanta 3D FEG, USA) with a complementation of EDX elemental mapping and backscattered electron (BSE) with applied electron energy of 15 kV. Figure 2 shows the exothermic rates and the cumulative hydration heat of OPC, CS15, CS30, SS15, and SS30 complex binders during the early hydration within 72 h. As expected, replacing cement by CS or SS tends to decrease its hydration heat; the decreasing rate gets higher when higher increment ratios of slags are added. However, the e ect of SS compared to CS is more obvious for declining hydration heat at the acceleratory period of the exothermic reaction. Replacing cement by CS seems to drastically increase the rate of heat evolution during the third exothermic peak and its intensity increases with the increment of the amount of CS. e dominant reaction during this peak seems to be related to CS reaction. It may have been associated with two possible explanations: (1) the conversion of AFt to AFm phase after the complete depletion of gypsum, especially after increasing the ratio of the available alumina to sulfate (gypsum) due to replacing cement by high alumina CS; and (2) the formation of hydrated calcium silicate (CSH), aluminate (CAH), and aluminosilicate (CASH) hydrates.
Results and Discussion

Hydration Heat of Cement and Cement Containing Slag.
It can be observed that the cumulative hydration heat for cement-CS and cement-SS are close to each other at the same replacement ratio, Figure 2 (b). Figure 3 shows the examined cumulative heat as well as the calculated cumulative heat for di erent slag binders. 
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For this purpose, the cumulative heat of hydration for pure cement (OPC), pure CS (CS100), and pure SS (SS100) was studied within the same period of 72 h, which was found to be 211 Jg , respectively. e calculated cumulative heats were determined according to the replacement ratios and hydration heats of pure cement and pure slags. Referring to the calculated hydration heat, the examined hydration heats of CS15 and CS30 are 1.36% and 5.19%, respectively, and lower than the calculated reference. In the opposite, the examined hydration heats of SS15 and SS30 are 3.98% and 8.13%, respectively, and higher than the calculated reference. It can be concluded that replacing cement with CS tends to hinder the hydration heat of each other at early ages. However, replacing cement with SS conversely shows a promoting e ect on the hydration heat of complex binder, indicating that cement and SS might promote the early hydration of each other. Furthermore, the hindering and promoting e ects of CS and SS, respectively, are more obvious with the increment of its added amount. Figures 4(a) and 4(b) shows the hydration products of cement-CS and cement-SS, respectively, compared to pure cement at di erent slag proportions at 3 and 90 days. In spite of slag type, the main visible hydration product in XRD pattern for both pure cement and cement-slag complex binder is calcium hydroxide (CH). For the samples containing CS, the peaks corresponding to the unhydraulic phases as RO phase and C 2 F extruded with the increment of the replacement ratio of slag that did not show changes with age. Furthermore, as an indication of the dilution e ect caused by replacing cement with slag that has lower activity, for both cement and slag binders, it was observed that there was a decrease in the peak intensity of the main hydraulic phases as C 3 S and C 2 S compared to pure cement. Consequently, it was observed as a decrease in the intensity of CH peak for both CS-and SS-blended cement especially at higher slag proportions.
X-Ray Di raction (XRD).
What's more, the observed decrease in CH in SS matrix is mainly due to that C 2 S is the main cementitious phase of SS. It is well known that C 2 S produces CH with much less content than that produced by C 3 e nonevaporable water (W n ) content of hardened paste was obtained from the mass di erence between the sample dried at 105°C and heated at 1000°C corrected by the loss of ignition of the unhydrated sample. Figure 6 shows W n detected from TG test of the cement-slag pastes at 3 and 90 days. Despite the slag type, it can be observed that W n decreases with increasing slag proportion. Furthermore, W n for SS was lower than that for CS at the same replacement ratios at all ages. 2 . For pure cement, calcium hydroxide (CH) content increases with increasing curing age. erefore, the amount of CH present is directly proportional to the amount of cement. e determination of CH content is performed according to the following formula [19] : 
Ca(OH)
where WL Ca(OH) 2 is the weight loss during the dehydration of CH and MW Ca(OH) 2 and MWH 2 O are the molecular weights of CH and water, respectively. Generally, Table 2 shows that the amount of CH decreases with increasing slag proportion mainly due to the dilution of cement by slag. However, the decrease in CH content is more signi cant with increasing SS content compared to that in the case of increasing CS content. is can be interpreted by one of two probable reasons. e rst is that SS consumes CH by means of a pozzolanic reaction, and the second is the dilution of cement by SS. For this purpose, Figure 7 shows the TG/DSC curves for pure OPC, CS, and SS at 90 days. e peak in the temperature range 400°C to 550°C is attributed to the decomposition of CH. It can be seen that pure SS does not produce any CH, and its hydration products is limited to C-S-H (the temperature range of 50-200°C). Furthermore, the compressive strength-discussed below-of SS15 and SS30 does not increase at later ages as observed for the common behavior Advances in Materials Science and Engineeringof the pozzolanic materials [20, 21] . erefore, it seems that there is no probability of a pozzolanic reaction occurred by SS at standard curing regimens proposed in this study. Consequently, it can be conclude that the signi cant decrease in CH content in cement-SS mix is due to the dilution of CH production in SS slag.
3.5.
Strength. e study of compressive strength was conducted according to the Chinese National Standard GB/T50081-2002. Figure 8(a) presents the compressive strength of di erent slag-cement ratios at 3, 28, and 90 days. To give an insight into the rates of hydration of the blended cement containing slag compared to pure cement mortar, the ratio of the strength of the slag-cement to the strength of the pure cement mortar was detected and denoted by relative strength, Figure 8(b) . It can be observed that replacing cement by steel slag (CS) or stainless steel slag (SS) tends to lower the strength at all ages due to the dilution e ect on cement, which increases at higher replacement ratios of slag. However, at 3 days, the rates of strength gain of both cement-slag types are relatively approximate than at later ages, Figure 8(b) , which is consistent with hydration heat results. At the ages of 28 and 90 days, the strength increasing amplitude of CS mortar is larger than that for SS mortar at the same replacement ratio. Furthermore, the strength of CS15 is close to that of pure cement mortar at 90 days. However, at the same age, the strength of SS mortars is still much lower than that of pure cement mortar even at a low replacement ratio of 15%. It is believed that stainless steel slag poses its activity at early ages, while its activity decreases gradually at later ages [22] . An opposite trend was observed for carbon steel slag, where its promoting e ect on cement appears at late ages [12, 23] . It can be concluded that blended cement containing CS has higher strength gain rate than that containing SS, especially at later ages. Furthermore, the dilution e ect of steel slag on the strength of cement mortar can be neglected when its replacement ratio does not exceed 15%.
3.6. SEM. SEM analyses were used to study the in uence of CS and SS on the microstructure of pure cement at 3 and 90 days of curing. e SEM images of the fracture surfaces of OPC, CS30, and SS30 at 3 and 90 days are shown in Figures 9  and 10 , respectively. Comparing the two gures, it is obvious that both pure cement and cement-slag mix at 90 d are denser than those at 3 d. e SEM images for OPC samples display a heterogeneous distribution of gel-like C-S-H, hexagonal plates of CH and needle-like ettringite crystals. Generally, for slag-cement images, the mineral particles of CS and SS are arbitrarily dispersed throughout the entire surface of hydrated cement products. Furthermore, the coarse CH observed in CS30 (Figure 10(b) ) cannot be easily found in SS30 (Figure 10(c) ).
BSE.
Since BSE imaging provides a visual tool for studying the microstructure composition of cementitious materials and for di erentiating di erent hydrates based on grey level in cement-based materials [24] [25] [26] , at polished sections were prepared for pure cement and cement-slag pastes at 90 days to be a representative for the microstructure composition of the matrix. Figure 11 shows BSE image for OPC, CS30, and SS30 hydrated for 90 d. It can be observed that due to the high ferrite phases in both CS and SS particles compared to plain cement particles, the remained unhydrated slag particles exhibited higher atomic weight and consequently higher brightness than the hydrated phases surrounding them typically as the brightness observed for Fe-rich unreacted y ash particles [27] . Furthermore, e di erences in Si/Ca ratio for pure cement than cement-slag mixes ensure that the changes occurred to the microstructure due to cement replacement by CS or SS. It can be observed that replacing cement by CS tends to decrease the average Si/Ca ratio.
e high aluminate phases in CS led to the release of some aluminum in the solution with its uptake in C-S-H, essentially by the substitution of silica, which led to the reduction in the silica content in the overall hydrated matrix, and then the Si/Ca ratio decreased consequently. An opposite trend is observed for SS30 mix, where the average Si/Ca ratio increased compared to that for pure cement. However, the increment in Si/Ca ratio in the case of SS30 seems to be caused by the lack of production of any Ca (OH) 2 from SS during its hydration (Figure 7) . Furthermore, it can be observed that the shift of the average (Al + Fe)/Ca ratio plots for the cement-slag mixes compared to pure cement especially in CS30 is due to its high aluminate and ferrite phases. Al 2 O 3 and Fe 3 O 4 released from slag are used in increasing the (Al + Fe)/Ca ratio of the C-S-H formed from the OPC; some probably enters additional AFm or hydrogarnet phases.
Conclusion
(1) e negative e ect of steel slag (CS) on the strength of cement mortar can be neglected when its replacement ratio does not exceed 15%.
(2) Generally, CS-and SS-cements di er from pure cement notably in (i) the hydration rates of the blended cement: CScement shows high strength gain rate at later ages than at early ages, oppositely the strength gain rate of SS-cement decreased at later ages; (ii) CH contents, which are lowered by the dilution of the cement by slag, and it is more distinct in SS case; (iii) the Si/Ca ratio of the compositions of the microstructure of the slag-cement matrix: the average Si/Ca ratio is estimated to be about 0.41 (Ca/Si 2.44) and 0.45 (Ca/Si 2.22) for CS30 and SS30, respectively, and di er from 0.43 (Ca/Si 2.33) for pure cement; (iv) the formation of hydration products from the slag; consequently, the average (Al + Fe)/Ca ratio of both of slag-cements increased compared to pure cement due to the high aluminate and ferrite phases in the slag.
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